Abstract: Exfoliated graphite nanoplatelets (xGnP), which combine the layered structure and low price of nanoclays with the superior mechanical, electrical, and thermal properties of carbon nanotubes, are very cost-effective, and can simultaneously provide a multitude of physical and chemical property enhancements. In this study, we evaluated xGnP's adsorption performance of volatile organic compounds (VOCs) according to thermal extractor (TE) analysis for seven days in order to use the xGnP as an adsorption material of pollutants. In addition, we carried out a sustainability evaluation in order to evaluate its adsorption capacity over 28 days. The results indicate that the adsorption performance of xGnP is higher than for other adsorption materials such as zeolite. Also, we determined that the adsorption performance of xGnP is maintained continuously for 28 days and that its adsorption capacity is large.
Introduction
Among all pollutants, building materials play a major role in determining the indoor air quality due to their large surface area and permanent exposure to indoor air. Building materials can release a wide range of pollutants, particularly volatile organic compounds (VOCs), which can degrade indoor air quality, making it worse than that of outdoor air [1] . Recent studies of VOC emissions in four newly built, unoccupied test houses showed that the building materials are the main source of indoor air pollution [2] . Polymeric materials that emit a lot of VOCs are used widely in the construction, decorating, and furnishing of homes, offices, and schools, as well as other non-industrial work places. Some constitute large surface areas within buildings, such as coatings and coverings on walls, ceilings, and floors [3] . VOCs are often noxious or carcinogenic, either directly or indirectly, posing many severe environmental problems such as adverse effects on human health at very low concentrations [4] . Various studies have proposed some common methods for the removal of VOCs, including thermal oxidation, adsorption, condensation, membrane separation, and biological treatment [5] [6] [7] [8] [9] [10] . Among these methods, adsorption has been proven to be an effective method for the removal of VOCs because it is fast, safe, and economically feasible [5] .
Inorganic and natural materials can be used for the adsorption of VOCs. Zeolites and activated carbons, which are inorganic materials, are the most commonly used for the adsorption of VOCs and are an effective means of collecting these harmful compounds [11] . These adsorption materials of VOCs are substantially porous, and graphite is also a porous carbon material and its specific surface area and pore volume can be expanded by using the shape modification process [1] . Recently, studies examining exfoliated graphite nanoplatelets have been conducted, and Thostenson et al. carried out research for the ultrasonicated-ozone modification of exfoliated graphite (EG) [12] . Exfoliated graphite nanoplatelets (xGnP) are comprised of a graphitic carbon-based material. xGnP that are less than 10 nm thick and have a diameter of 15 µm are made through acid treatment, blasting, and shredding processes [13, 14] . Most of the adsorption materials such as zeolite, diatomite, and active carbon have already been evaluated, but not xGnP. The measurement method for evaluating the adsorption of VOCs is done according to ISO/DIS 16000-23, ISO/DIS 16000-24, JIS A 1905-1, JIS A 1905-2, JIS A 1906 [15] [16] [17] [18] [19] [20] . The adsorption ratio after seven days and the cumulative adsorption amount over seven days is measured. The methods also measure the re-emission for three days. The adsorption performance of the adsorbent material is evaluated by the foregoing measurement results. However, because of differences in the adsorption capacities of adsorption materials, a long-term performance evaluation is necessary.
In this study, we evaluated the adsorption performance of xGnP and other adsorption materials using thermal extractor analysis for seven days. In addition, we conducted a sustainability evaluation in order to evaluate the adsorption capacity of the adsorption materials for 28 days.
Experimental Section

Materials
xGnP was prepared from sulphuric acid-intercalated expandable graphite (3772) (obtained from Asbury Graphite Mills, NJ, USA), by applying a cost-and time-effective exfoliation process that was initially proposed by Drzal's group. xGnP, which combines the layered structure and low price of nanoclays with the superior mechanical, electrical, and thermal properties of carbon nanotubes, is very cost-effective, and can simultaneously provide a multitude of physical and chemical property enhancements [21, 22] . Zeolite and perlite are porous materials and offer excellent adsorption performance of the pollutants. In this study, they are used for comparison with xGnP, and both natural and improved zeolites (JST-MS100, Daejin Chemical, Namyang-Ju, Korea) were used. Table 1 sets out the specific surface area (m 2¨g´1 ) and total pore volume (cm 3¨g´1 ) of the four samples by Brunauer Emmett Teller (BET) analysis, and Figure 1 shows the Scanning electron microscop (SEM) images of xGnP. [15] [16] [17] [18] [19] [20] . The adsorption ratio after seven days and the cumulative adsorption amount over seven days is measured. The methods also measure the re-emission for three days. The adsorption performance of the adsorbent material is evaluated by the foregoing measurement results. However, because of differences in the adsorption capacities of adsorption materials, a long-term performance evaluation is necessary.
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Methods
Thermal Extractor (TE)
The seven-day evaluation and the sustainability evaluation were conducted through thermal extractor (TE) analysis. TE analysis is used mainly to measure the total VOC (TVOC) and formaldehyde emitted from construction materials such as medium density fiberboard (MDF), particle board (PB), paints, and adhesives. TE analysis can be used with very small samples to measure pollutant emissions, and the test can be run according to temperature because the samples can raise the temperature by 190˝C. The test samples were conditioned before testing at 50%˘5% relative humidity (RH) for at least 24 h and sealed in aluminum foil [1] . Figure 2 shows a schematic diagram of the thermal extractor (TE). The TE consists of an adjustable oven heating a glass tube with a sample inside. Adsorbed samples were placed in a glass extraction tube. The adsorbed sample size was limited, both by the diameter of the tube and by the heatable length of the oven, to a maximum of 70 mm. The VOCs were purged under a pure nitrogen gas stream at a constant flow on a Tenax TA tube and 2,4-DNPH (dinitrophenylhydrazine) cartridge; 2,4-DNPH, followed by high performance liquid chromatography (HPLC) analysis, is a widely used selective and sensitive method for the measurement of carbonyl compounds in air. In normal use, the entire gas flow passes over the adsorbent material. The sampling volume was 1 L [1, 23] . The VOC concentrations were analyzed by using GC-MSD. GC-MSD is a gas chromatography (GC, Agilent-6890N, National Instrumentation Center for Environmental Management, Seoul, Korea)-mass spectrum detector (MSD, Agilent-5975, National Instrumentation Center for Environmental Management). 
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Evaluation of Adsorption Performance
We conducted a comparative experiment with xGnP, zeolite, and perlite. The comparative experiment is a simple experiment, other than the method specified in ISO/DIS 16000-23, ISO/DIS 16000-24, JIS A 1905-1, JIS A 1905-2, JIS A 1906, used in order to evaluate only the adsorption performance of xGnP. First, 10 g samples of xGnP, zeolite (both natural and JST-MS100), and perlite were prepared. The prepared samples were placed in a constant temperature and humidity chamber that was maintained at 25 °C and 50% humidity, respectively. Then, a source emitting VOCs was introduced to the chamber at 24-h intervals. After seven days, the pollutants adsorbed on each sample were analyzed by thermal extractor (TE) analysis. Additionally, a sustainability evaluation was conducted for 28 days under the same conditions.
Results and Discussion
Adsorption Performances of the Samples over Seven Days
This experiment can be compared to the adsorption performance in the same experimental conditions. Table 2 shows the adsorption performances of the samples over seven days. After seven days, the TVOC adsorption amount of perlite was 150.48 μg/m 3 , which was the highest 
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Adsorption Performances of the Samples over Seven Days
This experiment can be compared to the adsorption performance in the same experimental conditions. Table 2 shows the adsorption performances of the samples over seven days. After seven days, the TVOC adsorption amount of perlite was 150.48 µg/m 3 , which was the highest amount among the four samples. Next, the TVOC adsorption amount of xGnP was 128.93 µg/m 3 . The lowest TVOC adsorption amount was that of natural zeolite, at 9.99 µg/m 3 . This value indicates that the TVOC adsorption ability of xGnP is 12.91 times larger than that of natural zeolite. The 5VOC (benzene, toluene, ethyl benzene, xylene, styrene) adsorption amount of xGnP was 25.08 µg/m 3 . Although the TVOC adsorption amount of xGnP was not the highest, its 5VOC adsorption amount was the highest. Although the experimental conditions were not based on international standards, this result indicates that the adsorption performance of xGnP is higher than that of existing adsorption materials. Figure 3 and Table 3 show the sustainability of the samples' adsorption performance. As previously mentioned, the TVOC adsorption amount of perlite was the highest after seven days, with xGnP the next highest. However, during the second week, the TVOC adsorption amount of xGnP increased from 128.93 to 1545.31 µg/m 3 on the 14th day. This was the highest adsorption amount among the four samples on the 14th day. In addition, xGnP's adsorption of xylene increased by 153% during the second week. Figure 4 shows the xylene adsorption performance of xGnP. On the other hand, perlite, which showed the highest performance at seven days, was reduced from 150.48 to 101.95 µg/m 3 on the 14th day. Over the entire sustainability evaluation period of 28 days, the TVOC adsorption amount of zeolite (JST-MS100) increased from 86.96 µg/m 3 at seven days to 105.50 µg/m 3 on the 14th day, and then fell back to 72.49 µg/m 3 on the 28th day. Natural zeolite and perlite were decreased continuously from seven to 28 days. The TVOC adsorption amount of xGnP only tended to increase steadily. This result shows that xGnP is more advantageous than existing adsorption materials over this longer period of time. The lowest TVOC adsorption amount was that of natural zeolite, at 9.99 μg/m 3 . This value indicates that the TVOC adsorption ability of xGnP is 12.91 times larger than that of natural zeolite. The 5VOC (benzene, toluene, ethyl benzene, xylene, styrene) adsorption amount of xGnP was 25.08 μg/m 3 . Although the TVOC adsorption amount of xGnP was not the highest, its 5VOC adsorption amount was the highest. Although the experimental conditions were not based on international standards, this result indicates that the adsorption performance of xGnP is higher than that of existing adsorption materials. Figure 3 and Table 3 show the sustainability of the samples' adsorption performance. As previously mentioned, the TVOC adsorption amount of perlite was the highest after seven days, with xGnP the next highest. However, during the second week, the TVOC adsorption amount of xGnP increased from 128.93 to 1545.31 μg/m 3 on the 14th day. This was the highest adsorption amount among the four samples on the 14th day. In addition, xGnP's adsorption of xylene increased by 153% during the second week. Figure 4 shows the xylene adsorption performance of xGnP. On the other hand, perlite, which showed the highest performance at seven days, was reduced from 150.48 to 101.95 μg/m 3 on the 14th day. Over the entire sustainability evaluation period of 28 days, the TVOC adsorption amount of zeolite (JST-MS100) increased from 86.96 μg/m 3 at seven days to 105.50 μg/m 3 on the 14th day, and then fell back to 72.49 μg/m 3 on the 28th day. Natural zeolite and perlite were decreased continuously from seven to 28 days. The TVOC adsorption amount of xGnP only tended to increase steadily. This result shows that xGnP is more advantageous than existing adsorption materials over this longer period of time. 
Sustainability Evaluation for 28 Days
Conclusions
In this study, we evaluated the adsorption performance of xGnP for seven days. In addition, we carried out a sustainability evaluation in order to evaluate its adsorption capacity for 28 days.
On the basis of the obtained results, we concluded that the 5VOC adsorption amount of the xGnP showed the highest performance. Although our experimental conditions were not based on international standards, this result indicates that the adsorption performance of xGnP is higher than those of existing adsorption materials such as zeolite. Furthermore, the result of the sustainability evaluation was that the TVOC adsorption amount of xGnP only tended to increase steadily for 28 days. In other words, we determined that the adsorption performance of xGnP is maintained continuously and that its adsorption capacity is large. This result indicates that it is possible to discover promising new materials which are not necessarily highlighted during a seven-day evaluation. Therefore, it is necessary to consider new experimental methods for sustainability evaluations of adsorption performance.
We will later evaluate the TVOC adsorption performance of xGnP according to ISO/DIS 16000-23, ISO/DIS 16000-24, JIS A 1905-1, JIS A 1905-2, JIS A 1906, and we will study new experimental methods for sustainability evaluations of adsorption performance. 
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